It is essential for organisms to adapt to fluctuating growth temperatures. Escherichia coli, a model bacterium commonly used in research and industry, has been reported to grow at a temperature lower than 46.5°C. Here we report that the heterologous expression of the 17-kDa small heat shock protein from the nematode Caenorhabditis elegans, CeHSP17, enables E. coli cells to grow at 50°C, which is their highest growth temperature ever reported. Strikingly, CeHSP17 also rescues the thermal lethality of an E. coli mutant deficient in degP, which encodes a protein quality control factor localized in the periplasmic space. Mechanistically, we show that CeHSP17 is partially localized in the periplasmic space and associated with the inner membrane of E. coli, and it helps to maintain the cell envelope integrity of the E. coli cells at the lethal temperatures. Together, our data indicate that maintaining the cell envelope integrity is crucial for the E. coli cells to grow at high temperatures and also shed new light on the development of thermophilic bacteria for industrial application.
T emperature is considered the most important single environmental factor that profoundly affects the structure and function of biomolecules. Each organism in nature has evolved to live at a certain optimal temperature range. Nonetheless, effective mechanisms have also been evolved for organisms to survive under nonoptimal temperature conditions, typically termed heat shock response (1, 2) and cold shock response (3) . It is of great value to understand such mechanisms of living organisms for both unveiling the nature of life and exploring biotechnological application.
Escherichia coli, being the most extensively studied bacterium and also a popularly utilized host cell for producing pharmaceutically important recombinant proteins, is known to be unable to grow at a temperature higher than 46.5°C (4) (5) (6) . It has been widely reported that heterologous overexpression of certain exogenous molecular chaperones (7) (8) (9) (10) (11) or an endogenous transcriptional regulator (12) is able to significantly increase the viability of E. coli cells undergoing heat shock treatment at lethal temperatures (around 50°C). It is also well established that preincubating E. coli cells (13, 14) and other organisms (reviewed in reference 15) at a sublethal temperature (e.g., 42°C) significantly increases the thermotolerance of the treated organisms at lethal temperatures. However, all these alternations usually would not allow the modified cells to permanently survive and even grow under such lethal temperatures. In two attempts at selecting heat-resistant phenotypes by using extensive experimental evolution, E. coli mutant strains that are able to grow at up to 48°C (16) or 48.5°C (5) were obtained, with growth at the latter temperature being partially related to the high level of expression of the molecular chaperone GroEL/GroES. In contrast, thermophilic bacteria have been found to grow effectively at optimal temperatures much higher than 50°C (17) (18) (19) (20) . They are known to possess membrane lipids with a unique composition, proteins that have higher thermostabilities and an increase in core hydrophobicity, or a higher turnover rate for their energy-transducing enzymes (21) (22) (23) (24) .
Here we observed, astonishingly, that the heterologous expression of a small heat shock protein (sHSP), HSP17, of Caenorhabditis elegans, referred to here as CeHSP17, enabled E. coli cells to grow at temperatures up to 50°C, that being their highest growth temperature ever reported. Our further studies revealed that such acquired unusual thermal growth ability might be attributed to the capacity of CeHSP17 to maintain the integrity of the E. coli cell envelope. Together, our observations strongly suggest the essential role of cell envelope for bacterial adaptation to thermal environments and shed new light on engineering bacterial strains that are able to grow at nonpermissive temperatures.
MATERIALS AND METHODS
C. elegans mitochondrion isolation. Mitochondria were isolated according to a previously described method (25) , with minor modifications. Briefly, synchronized young adults of the N2 wild-type strain (obtained from the Caenorhabditis Genetics Center) were cultured using a standard method (26) . Worms were washed with M9 buffer and resuspended in cold isolation buffer (10 mM Tris-MOPS [morpholinepropanesulfonic acid], 1 mM EGTA-Tris, and 0.2 M sucrose, pH 7.4) containing a 1 mM concentration of the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (Boehringer Mannheim). Worms were homogenized on ice by sonication. The homogenate was centrifuged at 800 ϫ g for 10 min at 4°C to remove unbroken cell debris. The supernatant, being taken as the total lysate, was then further centrifuged at 12,000 ϫ g for 10 min at 4°C, with the resulting supernatant being taken as the postmitochondrial supernatant and the pellet as the mitochondrion-containing fraction. Protein concentration was measured using the bicinchoninic acid (BCA) assay (Pierce) according to the manufacturer's instructions. Heterologous expression of CeHSP17 in E. coli. The coding sequence of CeHSP17 was inserted into the expression vector pET21a or pBAD (Invitrogen) after being digested with the restriction enzymes NdeI and HindIII (for pET21a) or NcoI and HindIII (for pBAD). The expression plasmid pET21a-CeHSP17 was transformed into E. coli BL21(DE3) (Transgen) and pBAD-CeHSP17 into E. coli BW25113 wild-type or degP mutant cells (obtained from the Keio Collection, Japan). Bacterial cells were cultured at 37°C in LB (Luria-Bertani) broth medium containing antibiotics at final concentrations of 100 g/ml for ampicillin and/or 50 g/ml for kanamycin (Sigma). Protein expression was induced by 1 mM isopropyl ␤-D-1-thiogalactopyranoside (for pET21a) or 0.02% arabinose (for pBAD) in final concentration.
Cell growth analysis. Cells transformed with an empty plasmid or the plasmid expressing CeHSP17 (or IbpB) were cultured at 37°C in 20 ml of LB medium containing appropriate antibiotics. Recombinant protein (CeHSP17 or IbpB) was induced at an optical density at 600 nm (OD 600 ) of 0.5 for 2 h. The cultures were then diluted to an OD 600 of 0.2 to 0.3 in fresh LB medium containing appropriate antibiotics and protein expression inducer before being shifted to growth at either 45°C or 50°C in a water bath shaker. Cell density was determined by measuring the OD 600 at 1-or 2-h intervals for 7 to 16 h. For colony formation analysis, 10 l of cell cultures at 37°C were serially diluted and plated on LB agar prior to incubation at 45°C.
Protein solubility analysis. Cells were induced to express CeHSP17 at 37°C for 2 h before being heat shocked at 50°C for another 2 h. The control cells (carrying the empty plasmid pET21a) were also treated in a similar manner. Cells were harvested and resuspended in 20 mM Tris-HCl, pH 8.0, and lysed by sonication. Cell lysates were centrifuged at 800 ϫ g for 5 min to remove cell debris and unbroken cells, and the supernatant was then subjected to centrifugation at 10,000 ϫ g for 30 min, with the resulting supernatant (soluble proteins) and precipitate (aggregated proteins) being analyzed by 10% Tricine SDS-PAGE and visualized by Coomassie blue staining.
Transmission electron microscopy analysis. Transmission electron microscopy analysis of E. coli cells was performed according to the method we described earlier (27) .
Preparation of the periplasmic extract and inner/outer membrane fractions. Cells were cultured at 37°C and harvested by centrifugation at 5,000 ϫ g for 10 min at 4°C before the periplasmic fraction was prepared using the cold osmotic shock method as described earlier (28) . Inner and outer membrane fractions were prepared using sucrose gradient centrifugation according to the method we described earlier (27, 29) .
Immunoblotting analysis and antibodies. Immunoblotting analysis was performed according to standard protocols (30) , with the protein bands on polyvinylidene difluoride (PVDF) membranes being visualized with nitroblue tetrazolium (NBT) (Amresco) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) (Promega). The polyclonal antibody against CeHSP17, PpiD, TnaA, and OsmY were produced in our own lab; the monoclonal antibody against cytochrome c was purchased from Cell Signaling Technology, Inc. (product no. 4280); the polyclonal antibody against HSP90 was kindly provided by Eileen Devaney (University of Glasgow, United Kingdom); and polyclonal antibody OmpA was kindly provided by Jonathan Beckwith (Harvard University, USA).
Protein purification and formaldehyde-mediated in vivo chemical cross-linking. The details of the procedures used for protein purification and formaldehyde-mediated in vivo chemical cross-linking are described in the supplemental material.
RESULTS
Caenorhabditis elegans HSP17 is partially localized in the mitochondria. The sHSPs, as a family of molecular chaperones present in all forms of life, are more structurally diversified than the other families of molecular chaperones, such as HSP90, HSP70, and HSP60 (31-33). They are characterized by a relatively conserved ␣-crystallin domain of around 100 amino acids flanked by a highly variable N-terminal domain and a flexible C-terminal region (31), usually exist as multisubunit oligomers (34) (35) (36) (37) , and are able to prevent the aggregation of nonnative proteins (38, 39) . Uniquely, the sHSPs of both prokaryotic and eukaryotic sources have also been found to be associated with cell membranes (34) (35) (36) (37) (38) . Over the years, we have tried to delineate the function and mechanism of sHSPs, from largely bacterial sources, via both in vitro and in vivo studies (39) (40) (41) (42) (43) (44) (45) . To study the function and mechanism of sHSPs in C. elegans, we first focused on CeHSP17, which remains the least characterized such proteins in terms of function and properties among the small heat shock proteins of C. elegans (46) and is predicted by our bioinformatics analysis to be putatively localized in mitochondria (Table 1 ) . Consistently, we detected the CeHSP17 protein predominantly in the mitochondrial fraction of C. elegans extract (Fig. 1) . In support of our conclusions, the mRNA level of CeHSP17 was reported to be increased in response to deficiencies of the mitochondrial respiratory chain proteins (47) . were isolated from adult C. elegans organisms as described in Materials and Methods. The total lysate (T), postmitochondrial supernatant (S), and mitochondrion-containing pellet (P) fractions were analyzed by immunoblotting using antibodies against CeHSP17, cytochrome c (as a marker protein of mitochondria), or HSP90 (as a marker protein of cytoplasm).
The heterologously expressed CeHSP17 protein enables the E. coli cells to grow at the lethal temperature of 50°C. We then sought to assay whether CeHSP17 is able to function as a chaperone by examining its capacity to increase the thermotolerance of the E. coli cells, as is commonly observed for many other sHSPs (7) (8) (9) (10) . Remarkably, we found that the heterologous expression of CeHSP17 enabled the BL21(DE3) strain of E. coli to effectively resist the heat shock treatment at a temperature as high as 58°C (for half an hour), at which the control cells (carrying the empty plasmid pET21a) were found to be almost completely killed (see Fig. S1 in the supplemental material). For comparison, similar heterologous expression of other sHSPs in E. coli cells was reported to usually enable the cells to effectively resist a heat shock treatment only at 50°C (7-10). For instance, the overexpression of IbpA and/or IbpB (the endogenous sHSPs of E. coli) was reported to enable around 30% (instead of 100% as for CeHSP17) of the E. coli cells to survive after a heat shock treatment at 50°C for half an hour (10) .
Given that the highest growth temperature for E. coli cells has been reported to be 46.5°C (4-6), we then asked whether the BL21(DE3) E. coli strain expressing CeHSP17 is able to grow at a higher temperature. Remarkably, the data presented in Fig. 2A demonstrate that the cells expressing CeHSP17 grow effectively even at 50°C, though at about half the growth rate seen when the cells were grown at 37°C. In contrast, for the control cells (carrying the empty plasmid pET21a), the cell density apparently decreased (as indicated by a decrease in light absorption at 600 nm, i.e., OD 600 ) during incubation at 50°C and eventually became undetectable after incubation for 16 h (Fig. 2A) . To rule out the possibility that this unusual CeHSP17-mediated growth property is specific to strain BL21(DE3), the E. coli strain that has been commonly used for overexpressing recombinant proteins (48), this protein was heterologously expressed in BW25113 cells, which are widely used for gene knockout studies (49) . The data presented in Fig. 2B demonstrate that CeHSP17 also enabled the BW25113 cells to effectively grow at 50°C in a largely similar manner. Nevertheless, both BL21(DE3) and BW25113 cells expressing CeHSP17 were unable to grow but died when cultured at 51°C (data not shown).
In addition, we calculated the generation time of E. coli cells expressing CeHSP17 during exponential growth phase and found that the protein hardly affects the growth rate of E. coli cells at 37°C but rather allows the cells to grow at a significantly efficient rate at the lethal temperature of 50°C (Table 2) . Together, these observations indicate that CeHSP17 confers the capacity for E. coli to grow at 50°C, which, to our knowledge, is the highest growth temperature ever reported for E. coli strains (4-6).
The heterologously expressed CeHSP17 protein is present and functions not only in the cytoplasm but also at the cell envelope.
To uncover the mechanism underlying the CeHSP17-mediated high-temperature growth of the E. coli cells, we first analyzed whether the level of soluble proteins was maintained in such hightemperature-growing cells. The data presented in Fig. 3A demonstrate that the overall level of soluble proteins in the CeHSP17-expressing E. coli BL21(DE3) cells cultured at 50°C (lane 11) was not only significantly higher than that of the control cells (lane 5) but, strikingly, also highly comparable with that of both the control and the CeHSP17-expressing cells cultured at 37°C (lanes 2 and 8). It is noteworthy that at 37°C the level of insoluble protein in the CeHSP17-expressing cells (lane 9) is somehow higher than that in the control cells (lane 3), most likely due to the formation of insoluble coaggregates between CeHSP17 and certain nonnative proteins naturally occurring in the cells.
To identify the proteins that are protected by CeHSP17, we performed formaldehyde-mediated in vivo chemical cross-linking, protein purification (see Fig. S3 in the supplemental mate- Table S1 in the supplemental material), which were calculated according to the standard curve of CFU-OD 600 (see Fig. S2 in the supplemental material).
rial), and then mass spectrometry analysis (Table 3 ; also, see Table  S2 in the supplemental material). Interestingly, we found that a major part of these CeHSP17-bound proteins (63 out of 96) are present in the cytoplasm and a significant portion of them (31 out of 96) are localized in the cell envelope, including the inner membrane, periplasmic space, and outer membrane (Table 3 ). This result implies that the heterologously expressed CeHSP17 in E. coli cells functions not only in the cytoplasm but also in the cell envelope. On the other hand, it was reported earlier that the overexpression of GroEL/GroES, a cytoplasmic molecular chaperone, enabled the E. coli cells to grow at a temperature up to only 47.5°C
(5); it is conceivable that the CeHSP17 protein functions differently in terms of subcellular localization.
To demonstrate the localization of CeHSP17 in the cell envelope, we first analyzed whether the CeHSP17 protein in the E. coli cells is localized in the periplasmic space by performing osmotic shock release experiments, wherein periplasmic proteins would be partially released (28) . The data presented in Fig. 3B demonstrate that the CeHSP17 protein, similar to the periplasmic protein OsmY, was released into the supernatant after the osmotic shock treatment, indicating that it is localized, at least partially, in the periplasmic space of the E. coli cells (lane 2). DnaK, AccA, ClpB, RpsD, Tsf, GroEL, RplK, RplI, RplF, AccD, RpsN, AtpA, ClpX,WrbA, SodB, DapD, RplE, RpsB, RbsA, Frr, RplC, GroES, PckA, RpsG, InfC, PepD, HemN, AhpC, TypA, GlmU, RpsI, MetK, YqjI, RpsM, RplO, OmpR, RplR, RpsJ, ClpA, PurA, SecA, RpsU, SecB, RplJ, TrxB, RplS, RplL, GrpE, DnaJ, RpsH, IbpA, TnaA, IbpB, HtpG, RplV, YahK, UspE, RplY, YjgF, UspG, RpmD, CpxR, UspD Inner membrane (20) NuoC, SecD, LepA, PutA, YhcB, Pal, NuoB, NuoH, SecG, DnaA, YrbD, NuoM, NuoA, FtsH, SecF, OxaA, AtpF, LptB, NuoI, PpiD Periplasm (3) DegP, SkP, DegS Outer membrane (8) OmpA, OmpF, Lpp, BamA, OmpN, BamB, YiaD, YpfJ Uncharacterized (2) YfbU, YbjQ a The location was extracted from the EcoCyc database (http://www.ecocyc.org) (56) . Protein identification details are shown in Table S2 in the supplemental material. b Underlining indicates protein quality control factors that are potential functional partners of CeHSP17, instead of substrate proteins that were protected by CeHSP17. 
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We then performed sucrose gradient ultracentrifugation analysis to find out whether the CeHSP17 protein is associated with the inner and/or outer membranes of the E. coli cells. The data presented in Fig. 3C demonstrate that, in the membrane samples prepared from cells cultured at both 37°C and 50°C, the fraction distribution pattern of CeHSP17 is highly comparable to that of the inner membrane protein PpiD but apparently different from that of the outer membrane protein OmpA. To rule out the possibility that CeHSP17 oligomer cosediments with the inner membrane, we performed sucrose gradient ultracentrifugation analysis in the absence of the membrane fraction using the purified CeHSP17 protein. Data presented in Fig. S4 in the supplemental material indicate that the purified CeHSP17 protein was indeed separated with the membrane fraction during the first step of sucrose centrifugation, where it localizes in the 25% sucrose fraction, while the membrane is in the 65% sucrose fraction. Together, this indicates that the CeHSP17 protein, when expressed in E. coli cells, is at least in part associated with the inner membrane.
Subsequently, we further investigated whether CeHSP17 functions at the cell envelope of the E. coli cells. For this purpose, we examined if it is able to rescue the lethal phenotype at above 42°C for the E. coli BW25113 mutant strain lacking DegP, a protein quality control factor of the outer membrane biogenesis that functions in the periplasmic space (50) (51) (52) . Remarkably, the heterologous expression of the CeHSP17 protein enabled the degP mutant strain to grow at a temperature as high as 45°C either in liquid LB (Fig. 4A) or on solid medium (Fig. 4B) , whereas, in comparison, the heterologous expression of IbpB (an endogenous sHSP of E. coli) did not allow the cells to grow at such a heat shock temperature. Again, the CeHSP17 protein, when heterologously expressed in the degP mutant cells cultured at both normal and high temperatures, was found to be associated with the inner membrane (see Fig. S5 in the supplemental material), similar to its behavior in the BL21(DE3) cells (Fig. 3C) .
The heterologously expressed CeHSP17 protein helps maintain the envelope and cytoplasm integrity for E. coli cells cultured at lethal temperatures. We then analyzed the protective effect of CeHSP17 on the E. coli cells by analyzing their cellular and subcellular structures using thin-section transmission electron microscopy. The data presented in Fig. 5A indicate that the cell morphology of the CeHSP17-expressing BL21(DE3) cells appears to be largely normal when cells are cultured at 50°C, as it is at 37°C. In contrast, the control BL21(DE3) cells (carrying the empty plasmid pET21a) cultured at 50°C appeared to be severely abnormal, such that their periplasmic space became hardly visible, abnormal vesicles were found to be protruding or detached from the cell surface, and heavily stained areas were clearly visualized (presumably representing protein aggregates) in the cytoplasm. We also observed similar abnormal cellular and subcellular morphology in the degP mutant cells that were cultured at 45°C, and expressing CeHSP17 significantly prevented such abnormalities (Fig. 5B) . Together, these observations indicate that the recombinant CeHSP17 is able to maintain the envelope integrity for the E. coli cells cultured at lethal temperatures.
DISCUSSION
Here we report our unexpected observation of the continuous growth of E. coli cells at 50°C by simply overexpressing CeHSP17 (Fig. 2) , a mitochondrion-localized sHSP from C. elegans (Fig. 1) . Prior to this study, the highest growth temperature for E. coli cells was reported to be around 48.5°C, as achieved by experimental evolution (5, 16) . Here, we found that the CeHSP17 protein is, at least partially, localized at the E. coli cell envelope (Fig. 3B and C) and helps to maintain the envelope integrity upon culturing at the lethal temperatures ( Fig. 5A and B) , although it also protects the cytoplasmic proteins (Fig. 3A and Table 3 ) and maintains the cytoplasm integrity (Fig. 5A and B) . In line with our observations, other sHSPs, such as Synechocystis Hsp17 (36), Mycobacterium tuberculosis Hsp16.3 (37) , and mammalian ␣-crystallin (38), have been found to be associated with the membrane under nonoptimal or stress conditions. Together, our study reveals an essential role of the envelope for the E. coli cells to survive and grow at a lethal temperature and sheds light on the future development of thermophilic microbes for industrial applications. A key step during the early evolution of life was most likely the emergence of a cell membrane, or a cell envelope in general, that separates cellular contents from their surroundings. Accordingly, under stress conditions of external sources (e.g., elevated temperature), the integrity of the cell envelope would have to be maintained for the cellular contents to be protected or even to continue functioning. In this regard, the cell envelope would be expected to play a role equal to, if not more important role than, that of the cytoplasm for cells to survive and grow under such harsh conditions, in spite of the fact that earlier studies largely focused on how the cytoplasm is protected (53) . In support of our hypothesis, overexpression of the cytoplasmic chaperone GroEL/GroES was reported to increase the maximal growth temperature of E. coli from 46.5°C to 47.5°C (5), significantly lower than the temperature (50°C) that we reached by overexpressing CeHSP17, which seems to function not only in the cytoplasm but also at the cell envelope.
For the E. coli cells to grow at 50°C, all the cytoplasmic components would have to perform their functions effectively to allow such processes as DNA replication and transcription, protein translation, and metabolism to actively occur. It would be difficult to imagine that CeHSP17 enables the cytoplasmic components to function at 50°C through simply providing direct protection to them. Instead, it is more likely that CeHSP17 protects the cell envelope, which in turn serves as an effective thermal insulator such that the cytoplasmic temperature is kept significantly lower than 50°C, although our attempts to demonstrate this did not succeed due to technical difficulties. It should be noted that protective structures outside the spores formed by certain bacteria are able to serve as a thermal insulator for protecting the cells even against boiling temperatures (54) . Other unresolved issues regarding the unique growth properties of such CeHSP17-expressing E. coli cells include the following. First, what biomolecules in E. coli, e.g., membrane lipids and/or proteins, are directly bound and thus potentially protected by CeHSP17? Second, are there any other members of the sHSP family that also possess properties similar to those of CeHSP17, given that many other sHSPs were also found to be associated with cell membranes? Last but not least, what does this unique property of CeHSP17 indicate with regard to its physiological function in C. elegans? Given that dormant (dauer) C. elegans organisms are known to be able to survive under extreme stress conditions (55) , the question of whether CeHSP17 plays a role in such dauer-related survival merits further investigation.
